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摘 要
异丁基乙烯基醚是一种重要的聚合物单体和有机合成中间体，广泛应用于
油墨、涂料、粘合剂、增塑剂和润滑剂等方面。乙炔法是制备异丁基乙烯基醚
的常用方法，其中高压下乙炔连续液相均相反应过程中无气相乙炔循环，传质
传热速率快，能耗低，操作安全性高。乙炔在醇中的溶解度数据对于乙炔法制
备乙烯基醚的工艺过程具有重要指导意义。
本文采用等容饱和法研究了乙炔在七种醇溶剂中的溶解度，并利用相关方
程计算亨利常数和溶液的偏摩尔焓变和偏摩尔熵变。具体探究了溶解温度、压
力对乙炔溶解度的影响，以及乙炔在异丁醇中的溶解特性，为后续研究制备异
丁基乙烯基醚奠定基础。乙炔在本文选用的七种醇溶剂中的溶解度均随温度升
高而下降；在 0.1~0.182 MPa 范围内，乙炔在七种醇中的溶解度均随溶解压力
增大而呈线性增加。本文所用醇溶剂对乙炔主要是物理吸收。乙炔在本文测定
的七种醇溶剂中的偏摩尔焓变和偏摩尔熵变均为负值。异丁醇对乙炔的溶解能
力一般，但低温时异丁醇对乙炔具有较好的溶解性。在 273.15 K 和 0.180 MPa
条件下，乙炔在异丁醇中的溶解度达到 0.7993 mol·kg-1，仅次于异丙醇和二甘
醇。
本文采用乙炔法在管式反应器中制备异丁基乙烯基醚，催化剂为异丁醇钾。
管式反应器具有传热效果好、易于工业放大等优点。本文以异丁醇为共沸剂，
在 118℃下回流 12 h 得到含水量低于 0.2%的催化剂/异丁醇溶液。通过考察反
应温度、反应压力、催化剂用量等因素对反应的影响，发现：较适宜的操作条
件为反应温度 150℃、催化剂用量 8%、反应压力 6 MPa。乙炔和异丁醇的反应
符合一级反应动力学方程，反应速率常数均随反应温度和催化剂用量增加而增
大。根据 Arrhenius 方程，本反应的指前因子 k0=3.14×105 s-1，反应活化能
E=61.09 kJ·mol-1。
关键字：乙炔溶解度；异丁基乙烯基醚；乙炔法；管式反应器
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Abstract
Isobutyl vinyl ether is an important polymer monomer and organic synthesis
intermediate, widely used in inks, coatings, adhesives, plasticizers, lubricants and so
on. Acetylene methods are the most commonly used methods for preparing isobutyl
vinyl ether. Among them, a continuous process for acetylene reaction in
homogeneous liquid phase under high pressure is very promising. In this process, all
the acetylene involving in the reaction is previously dissolved in liquid, which
avoids the risk of the acetylene explosion and provides higher heat and mass transfer
rate, lower energy consumption. The knowledge of the solubility of acetylene in
alcohols is useful to the further research of producing vinyl ethers with acetylene.
The acetylene solubility determination in this work was carried out using
isochoric saturation method. The Henry’s law constants and the partial molar
enthalpies and entropies changes were calculated according to related equations. The
effects of temperature, and pressure on the solubility of acetylene in different
solvents were researched. The dissolution characteristic of acetylene in isobutyl
alcohol was also studied, laying the foundation for the subsequent research on
preparing isobutyl vinyl ether using acetylene.
Acetylene solubilities fall with the increase of temperature at a fixed pressure
for all the solvents tested. The solubilities of acetylene in alcohols show linearity
elevation along with the increase of pressure at a fixed temperature, indicating to a
physical absorption. Moreover, the changes of partial molar enthalpies and partial
molar entropies for acetylene in alcohols tested are all negative values. Compared
with other alcoholic solvents, isobutanol exhibits a considerable attraction to
acetylene at low temperature. In this work, acetylene solubility in isobutanol is
0.7993 mol·kg-1 at 278.15 K and 0.180 MPa.
This dissertation studied the preparation of isobutyl vinyl ether in tubular
reactor using potassium iso-butoxide as catalyst. There are many advantages for
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tubular reactor, such as the good ability of heat transfer, the flexibility to enlarge and
so on. In this work, the catalyst/isobutanol solution with water content less than
0.2% was obtained by reflux at 118℃ for 12 h using isobutanol as azeotropic agent.
The effects of reaction temperature, pressure, catalyst dosage on the yield of isobutyl
vinyl ether were studied. The suitable operating conditions are as follows: reaction
temperature 150℃, catalyst amount 8%, and pressure 6 MPa. The outlet
concentration and residence time of acetylene are in good agreement with the first
order reaction kinetics. The reaction rate constants rise with the increase of catalyst
dosage and reaction temperature. According to the fitting line from Arrhenius
equation, the pre-exponential factor k0 is 3.14×105 s-1, and the reaction activation
energy is 61.09 kJ·mol-1.
Keyword：Acetylene solubility; Isobutyl vinyl ether; Acetylene method; Tubular
reactor
厦
门
大
学
博
硕
士
论
文
摘
要
库
目 录
I
目 录
摘要······························································································ I
第一章 文献综述···········································································1
1.1 引言······················································································ 1
1.2 异丁基乙烯基醚的概述·······························································1
1.3 异丁基乙烯基醚的应用·······························································2
1.3.1 IBVE 均聚·········································································2
1.3.2 IBVE 共聚·········································································4
1.4 乙烯基醚的合成方法··································································6
1.4.1 乙炔法············································································ 6
1.4.2 缩醛热分解法····································································9
1.4.3 脱卤化氢法····································································· 12
1.4.4 酯交换法········································································ 12
1.4.5 威廉森合成法·································································· 13
1.4.6 分子内脱水法·································································· 13
1.4.7 乙烯氧化法····································································· 14
1.5 工艺路线的选择······································································ 15
1.6 本课题的研究意义及内容·························································· 16
第二章 乙炔在醇中溶解度的测定·················································18
2.1 前言····················································································· 18
2.2 实验材料··············································································· 18
2.2.1 实验试剂········································································ 18
2.2.2 实验仪器········································································ 19
2.2.3 实验装置示意图······························································· 20
2.3 测量原理及方法······································································ 20
2.4 数据处理··············································································· 21
厦
门
大
学
博
硕
士
论
文
摘
要
库
目 录
II
2.4.1 乙炔溶解度····································································· 21
2.4.2 亨利常数········································································ 22
2.4.3 偏摩尔焓变和偏摩尔熵变··················································· 23
2.5 结果与讨论············································································ 23
2.5.1 装置校验········································································ 23
2.5.2 乙炔在醇中的溶解规律······················································ 24
2.5.3 乙炔在异丁醇中的溶解度··················································· 26
2.5.4 亨利常数········································································ 28
2.5.5 偏摩尔焓变和偏摩尔熵变··················································· 29
2.6 本章小结··············································································· 30
第三章 乙炔法制备异丁基乙烯基醚············································· 32
3.1 前言····················································································· 32
3.2 实验材料··············································································· 33
3.2.1 实验试剂········································································ 33
3.2.2 实验仪器········································································ 33
3.2.3 实验装置示意图······························································· 35
3.3 实验方法··············································································· 35
3.3.1 异丁醇钾的制备······························································· 35
3.3.2 异丁基乙烯基醚的合成······················································ 36
3.4 分析检测··············································································· 38
3.4.1 水分含量分析·································································· 38
3.4.2 傅里叶变换红外光谱（FT-IR）分析······································ 39
3.4.3 紫外光谱分析·································································· 39
3.4.4 气相色谱（GC）分析························································ 39
3.5 结果与讨论············································································ 40
3.5.1 溶解温度对异丁醇钾制备的影响·········································· 40
3.5.2 反应时间对异丁醇钾含水量的影响······································· 40
3.5.3 反应温度对异丁醇钾含水量的影响······································· 42
3.5.4 反应温度对 IBVE 收率的影响··············································43
厦
门
大
学
博
硕
士
论
文
摘
要
库
目 录
III
3.5.5 催化剂用量对 IBVE 收率的影响··········································· 44
3.5.6 反应压力对 IBVE 收率的影响··············································45
3.5.7 循环时间对 IBVE 总量的影响··············································46
3.6 产品结构表征········································································· 47
3.6.1 粗产品的红外分析···························································· 47
3.6.2 粗产品的紫外分析···························································· 48
3.6.3 粗产品的气相色谱分析······················································ 49
3.7 动力学分析············································································ 49
3.7.1 反应级数········································································ 50
3.7.2 反应速率常数·································································· 52
3.8 本章小结··············································································· 54
第四章 结论与展望······································································56
4.1 结论····················································································· 56
4.2 展望····················································································· 57
参考文献····················································································· 58
攻读硕士学位期间发表的学术论文··············································· 68
致谢···························································································· 69
附录···························································································· 70
厦
门
大
学
博
硕
士
论
文
摘
要
库
Contents
i
Contents
Abstract························································································ I
Chapter 1 Literature review··························································· 1
1.1 Preface····················································································1
1.2 Introduction of isobutyl vinyl ether·················································1
1.3 Applications of isobutyl vinyl ether················································· 2
1.3.1 Homopolymerization of IBVE··················································· 2
1.3.2 Copolymerization of IBVE······················································· 4
1.4 Preparation methods of vinyl ether················································· 6
1.4.1 Acetylene method·································································· 6
1.4.2 Acetals method····································································· 9
1.4.3 Dehydrohalogenation method···················································12
1.4.4 Transesterification method······················································ 12
1.4.5 Williamson method·······························································13
1.4.6 Intramolecular dehydration······················································13
1.4.7 Oxidation of ethylene···························································· 14
1.5 Selection of process route····························································15
1.6 Research contents and significance················································16
Chapter 2 Determination of acetylene solubility in alcohols·············18
2.1 Preface·················································································· 18
2.2 Experimental materials······························································18
2.2.1 Experimental reagents··························································· 18
2.2.2 Experimental instruments······················································· 19
2.2.3 Schematic diagram of experimental device··································· 20
2.3 Experimental principle and method·············································· 20
2.4 Data processing········································································21
厦
门
大
学
博
硕
士
论
文
摘
要
库
Contents
ii
2.4.1 Solubility of acetylene··························································· 21
2.4.2 Henry’s Law Constant··························································· 22
2.4.3 Partial molar enthalpies and entropies········································· 23
2.5 Results and discussion······························································· 23
2.5.1 Verification of experimental device············································ 23
2.5.2 Law of acetylene solubility in alcohols········································ 24
2.5.3 Solubility of acetylene in iso-butanol·········································· 26
2.5.4 Henry’s Law Constant··························································· 28
2.5.5 Partial molar enthalpies and entropies········································· 29
2.6 Summary··············································································· 30
Chapter 3 Preparation of isobutyl vinyl ether by acetylene method··32
3.1 Preface·················································································· 32
3.2 Experimental materials······························································33
3.2.1 Experimental reagents··························································· 33
3.2.2 Experimental instruments······················································· 33
3.2.3 Schematic diagram of experimental device··································· 35
3.3 Experimental methods······························································· 35
3.3.1 Preparation of potassium iso-butoxide·········································35
3.3.2 Preparation of isobutyl vinyl ether············································· 36
3.4 Analysis and test······································································ 38
3.4.1 Analysis of water content························································38
3.4.2 Analysis of FT-IR spectrum····················································· 39
3.4.3 Analysis of UV spectrum························································ 39
3.4.4 Analysis of gas chromatographic (GC)········································ 39
3.5 Results and discussion······························································· 40
3.5.1 Effect of dissolution temperature on the preparation of potassium
iso-butoxide··············································································40
3.5.2 Effect of reaction time on water content of potassium iso-butoxide······· 40
3.5.3 Effect of reaction temperature on water content of potassium
厦
门
大
学
博
硕
士
论
文
摘
要
库
Contents
iii
iso-butoxide··············································································42
3.5.4 Effect of temperature on IBVE yield···········································43
3.5.5 Effect of catalyst dosage on IBVE yield·······································44
3.5.6 Effect of pressure on IBVE yield···············································45
3.5.7 Effect of cycling time on IBVE content······································· 46
3.6 Characterization of product structure············································47
3.6.1 FT-IR analysis of crude product················································ 47
3.6.2 UV analysis of crude product··················································· 48
3.6.3 GC analysis of crude product··················································· 49
3.7 Analysis of kinetic·····································································49
3.7.1 Reaction order···································································· 50
3.7.2 Reaction rate constants·························································· 52
3.8 Summary··············································································· 54
Chapter 4 Conclusion and outlook················································ 56
4.1 Conclusion············································································· 56
4.2 Outlook················································································· 57
References··················································································· 58
Publications·················································································68
Acknowledgement········································································69
Appendix·····················································································70
厦
门
大
学
博
硕
士
论
文
摘
要
库
第一章 文献综述
1
第一章 文献综述
1.1 引言
乙烯基醚化合物是一类非常重要的化工原料，现已广泛用于涂料、粘合剂、
润滑剂、油墨、增塑剂、表面保护材料等众多领域，具有较好的市场前景。国
外已于二十世纪三十年代开始工业化生产，但国内在这方面的研究起步较晚，
生产规模小[1]。
乙烯基醚化合物是一种不饱和醚，其结构特征是乙烯基碳碳双键直接连接
醚氧键，该碳碳双键由于受到邻位氧原子的影响，为富电子双键，因而表现出
较高的反应活性[2]。乙烯基醚化合物的结构通式为 R1C(R2)=C(R3)OR4，如下图：
R1
R2 OR4
R3
式中：R1=H，链烷烃；R2=H，Me，Et，Cl 等；R3=H，Me，Et 等；R4=链烷烃
或带官能团的烷烃。
异丁基乙烯基醚是一种常见的乙烯基醚化合物，具有广泛的工业应用。异
丁基乙烯基醚与氯乙烯的共聚物是一种性能优良的涂料；异丁基乙烯基醚/马来
酸酐的共聚物广泛用作增稠剂、粘合剂、乳化剂、油墨等；异丁基乙烯基醚可
以作为活性单体用于光固化涂料领域；它还能与其他单体复配，实现原材料改
性。
由于结构上的特殊性，异丁基乙烯基醚不能使用醚的一般制备方法合成。
目前，使用较多的制备方法有乙炔法、缩醛热分解、脱卤化氢法、酯交换法等。
关于制备工艺的研究重点主要在于寻找高效低价的催化剂、改善反应条件、提
高反应收率和选择性等方面。
1.2 异丁基乙烯基醚的概述
异丁基乙烯基醚，也称乙烯基异丁醚、1-(乙烯氧基)-2-甲基丙烷、异丁氧
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O
基乙烯，英文名称： isobutyl vinyl ether、1-(ethenyloxy)-2-methyl-propane、
isobutoxy ethylene，简写为 IBVE。其分子量为 100.16，分子式：C6H12O，结构
式：
沸点(101.3 kPa) 83.4℃，熔点-112℃，相对密度(20℃/20℃) 0.7702 g·cm-3，折射
率（20℃）1.3950，闪点-15℃，蒸汽压（20℃）9.064 kPa[3]。
常温常压下，异丁基乙烯基醚是无色透明液体，有醚的香味，低毒；遇明
火、高温、氧化剂等易燃，燃烧时产生刺激烟雾。异丁基乙烯基醚与醇、醚、
酯、芳香烃类互溶，微溶于水，25℃时在水中的溶解度为 0.7 g·L-1。
异丁基乙烯基醚含碳碳双键，化学性质活泼，能够与多类物质发生加成反
应，生成各种衍生物。它对碱类物质稳定，但在酸性条件下容易水解，生成异
丁醇和乙醛。
1.3 异丁基乙烯基醚的应用
异丁基乙烯基醚可以作为有机合成中间体，用于医药、农药等物质的制备，
也可以作为聚合单体用于生产聚乙烯基醚，还能与其他不饱和化合物共聚制备
具有特殊功能的材料，如：聚合氯乙烯/异丁基乙烯基醚树脂，广泛用于涂料、
油墨和表面保护材料等[4-5]。
1.3.1 IBVE均聚
异丁基乙烯基醚的均聚物可以用作粘合剂、增塑剂，还能作为消泡剂用于
矿物油品中。在润滑油、润滑剂和润滑脂等产品中添加 2~5%异丁基乙烯基醚均
聚物，可使产品粘度随温度变化保持不变。
异丁基乙烯基醚可被自由基型引发剂（如：偶氮二异丁腈）、紫外光照、辐
射等条件引发，缓慢聚合成低分子量聚合物，但聚合过程易受空气中氧气等自
由基抑制剂的影响，产品易泛黄，聚合活性较弱，产物分子量难以调控，故通
过自由基型引发剂催化的均聚并无工业生产意义。为了解决这一难题，近年来
研究人员致力于“活性可控自由基聚合”。该方法不仅可以较好地控制聚合物的
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分子量，且聚合条件比活性离子型聚合简单，单体适用范围相对较广[6]。异丁
基乙烯基醚单体含富电子碳碳双键，容易形成稳定的碳正离子，所以异丁基乙
烯基醚易进行阳离子聚合，而较难发生阴离子聚合反应。异丁基乙烯基醚的阳
离子聚合反应速率较快，反应放热迅速，且转化率高[7]。但阳离子聚合反应易
受水的抑制，所以应尽量在干燥的环境下进行[8]。
已有文献报道 Cl2/TiCl4
[9]、Al2Et3Cl3
[10]、2-氯-2, 4, 4-三甲基戊烷(TMPCl) [11]
作为引发剂，用于异丁基乙烯基醚的阳离子聚合过程。另外，现已开发的阳离
子聚合光引发剂有芳香重氮盐[12]、二芳基碘盐[13-15]、三芳基硫盐[16-18]、二烷基苯
甲酰甲基硫盐[19-22]和茂铁盐化合物[23-26]等五大类。反应过程中，阳离子聚合光引
发剂分子发生一系列分解反应，产生聚合活性物种——超强质子酸[27]。质子酸
的负离子的亲核性越强（即酸性越弱），则负离子越易与原料的碳正离子活性中
心结合，反而不利于聚合反应过程[28]。因此，负离子亲核性越强，光引发性能
越弱；反之，负离子亲核性越弱，则光引发性能越强。与自由基聚合相比，阳
离子聚合能克服氧气等自由基抑制剂的影响，聚合反应一旦被引发，光引发剂
被足够的 UV 光辐射分解，则光源对反应过程再无影响[29]。
在适当条件下，杂多酸催化剂也可引发单体的聚合反应，该过程的机理和历
程为电子转移——阳离子聚合[30,31]。目前，杂多酸在异丁基乙烯基醚阳离子聚合
领域的应用研究还比较少。陈奠宇等[32]以具有特征Keggin晶体结构的金属多氧络
合物——磷钼酸为主要催化剂，十六烷基三甲基溴化铵为特效稳定剂，三氯甲烷
为溶剂，实现了异丁基乙烯基醚阳离子聚合，该研究发现：磷钼酸与十六烷基三
甲基溴化铵按1:3的质量比加入反应体系，不仅能够有效引发异丁基乙烯基醚进
行阳离子聚合，而且能够有效调控该聚合反应的反应速度及产物分子量分布。还
有文献[33]提出：较低浓度的磷钨酸也可引发异丁基乙烯基醚的阳离子聚合，但反
应在水相中进行，需要加入足量的盐酸防止引发剂水解，加入的盐酸还能促进聚
合过程并影响产品的收率及分子量。
已有相关报道[10]提出对异丁基乙烯基醚聚合体系的溶剂进行改进，该工艺
以咪唑类离子液体[omim]BF4为溶剂，替代传统溶剂（如：甲苯、CH2Cl2等），
可实现异丁基乙烯基醚阳离子聚合，这不仅能解决传统溶剂带来的环境问题，
且聚合物的产率更高，分子量分布更窄。
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1.3.2 IBVE共聚
异丁基乙烯基醚可与多类不饱和烃、缺电子非烃类物质反应，生成多种乙
烯基醚衍生物，为合成工业提供多种反应原料。异丁基乙烯基醚现已广泛应用
于合成高分子聚合物。
1.3.2.1 合成氯醚树脂
氯醚树脂（即 Laroflex MP 树脂）是德国巴斯夫公司率先开发成功的一种
新型树脂，由质量分数 75%氯乙烯和质量分数 25%异丁基乙烯基醚通过乳液法
共聚得到，其外观为白色粉末，粒径一般为 0.4~1.69 μm。
氯醚树脂具有良好的耐水性、耐污性、耐光性、耐盐雾和抗老化性，粘结
性能、溶解性能和耐化学品腐蚀的能力也较好，且无毒。由于树脂结构中引入
柔性异丁基侧链，因此具有较好的内增塑性、溶解性、混溶性、颜料润湿性和
柔韧性；共聚物中含氯，还具有良好的阻燃性能。与传统的氯化橡胶、氯化聚
乙烯等树脂相比，氯醚树脂具有更优良的基材（如：金属材料等）粘结性[34,35]。
氯醚树脂已广泛用作工业防腐蚀涂料、轻金属底漆和面漆、无机底材用涂
料、水线漆、阻燃涂料、油墨粘合剂等。MP-45 氯醚树脂由于其良好的耐冷性
和色泽，现已广泛用于油墨行业中[36]。
氯醚树脂的合成方法主要有乳液聚合法和悬浮聚合法。
乳液法是德国巴斯夫公司率先采用的生产技术。国内有江苏利思德化工有
限公司[37]等企业也采用乳液聚合生产氯醚树脂。该工艺以水相为连续相，根据
不同牌号产品的要求，控制聚合反应温度在 40~60℃，反应时间为 4.5~9 h，则
可得到质量较好的产品。异丁基乙烯基醚的自由基聚合活性很小，为了合成组
成均匀的氯乙烯/异丁基乙烯基醚共聚物，可以采用聚合转化率较低的间歇乳液
聚合。美国 GAF 公司专利[38]采用聚合过程分批添加氯乙烯的半连续乳液聚合方
法，合成了组分均一、溶解性良好的共聚物，且反应过程采用低温聚合以提高
共聚物的分子量。唐志虎等[39]以、(NH4)2S208/Na2SO3/CuSO4 为氧化-还原引发体
系、十二烷基硫酸钠为乳化剂，采用间歇乳液聚合合成氯乙烯/异丁基乙烯基醚
共聚物。
悬浮聚合法工艺条件易于控制，树脂质量好，聚合总收率可达到 95%以上。
缺点是产品粒径不均一，不利于使用[40]。有文献[41]以氯乙烯和异丁基乙烯基醚
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